Torr. The exact sequence of evaporation is three repetition of alternating silver (Ag, 40 nm) and magnesium fluoride (MgF 2 , 50 nm) layers, followed by a 15 nm of MgF 2 as the capping layer to prevent oxidation from the top side. Next, the sample is turned upside down and mounted on a special stage holder which has a matching trench at the center.
The nanostructures are milled by using focused ion-beam (FIB) from the membrane side. This is essential not just for alignment purpose, but also to reduce the optical loss caused by Ga ion penetration into the metal layers. The key fabrication steps are illustrated in Supplementary Figure 2 . The final structure made has a slight sidewall angle along the thickness direction (Supplementary Figure 3) , but is previously found to have only minor influence on the negative index property.
Supplementary Note 2. Experimental characterization setup for metamaterial
To measure the transmission phase change induced by the fishnet metamaterial across a broad frequency range, we built a spectrally and spatially resolved Mach-Zehnder inter-S6 ferometry setup. Essentially a broadband light source is split into two paths, one passing through the sample while the other serves as a reference beam, before recombining them at the input of an imaging spectrometer. The two beams interfere at di↵erent angles to produce interference fringes along the vertical axis of the imaging camera. A change in the optical path length of one of the beams will therefore cause the interference fringe to shift vertically on the image plane. By measuring the interferogram with and without the sample, and comparing them using Fourier analysis, the metamaterial induced phase change can therefore be obtained. Importantly, the phase change at di↵erent wavelengths can be captured simultaneously along the horizontal axis of the camera in a single-shot measurement.
Supplementary Note 3. Metamaterial design and experimental measurement
Transmission -The transmission property of the sample is important for the statistical reliability of the single photon measurement result. We performed three-dimensional fullwave finite-di↵erence time-domain (FDTD) numerical simulations to optimize the design of the fishnet metamaterials such that the structure can attain a relatively high transmission while acquiring a negative refractive index at the desired wavelength of 790 nm. The computation is carried out using realistic material properties taking into account the dissipative loss of the silver metal used. The polarization is chosen to be E x (see Supplementary Figure 1) , which allows excitation of the anti-symmetric magnetic resonance whereby negative permeability (thus negative index) can be attained. As shown in Supplementary Figure 5 , several transmission peaks are observed. This multiple resonance feature arises due to the stacking of the metal/dielectric/metal layers, which lead to a low-loss broadband transmission feature at the desired wavelength range. Also shown is the experimental measurement result which matches well with the numerical design values. In particular, the experimental transmission at 790 nm is measured to be 15%, which is among the highest reported in the visible wavelengths for bulk NIM, and is su cient for single photon experiment.
To extract the materials e↵ective refractive index, we simulate the transmission and reflection (both amplitude and phase) of the designed fishnet metamaterial and then reconstruct the refractive index by using the Fresnel equation. We aim for the index zero-crossing at 750 nm, above which the index will become negative. Supplementary Figure 6 
